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1. Thousands of inspiraling Galactic white dwarf binaries will be 
resolvable as gravitational wave sources by LISA

2. White dwarf mergers may lead to a diverse range of outcomes
• Type Ia/Iax/.Ia SNe, “Ca-strong” transients, others?             

(Explosive WD transient session; K. Maguire, B. Rose, A. Polin)
• Many likely collapse into neutron stars

3. White dwarf mergers in dense star clusters
• Young radio pulsars observed
• Recent fast radio burst in M81 globular cluster — a young 

magnetic neutron star born from white dwarf merger?

White Dwarf Mergers                                    
as Multi-Messenger Sources:

An overview of sources in galactic fields and dense star clusters



LISA: A millihertz gravitational wave observatory



Galactic WD 
binaries

• Total white dwarf binaries in Milky Way:        ~ 5 x 108

• Total with fGW > 10-4  Hz:                                  ~ 6 x 107

• Total individually resolvable:                           ~ 103 - 104

e.g., Nelemans+2001, Ruiter+2010, Nissanke+2012, Lamberts+2019, Breivik+2020

Unresolvable sources can 
constrain Galactic structure

(e.g., Benacquista & Holley-
Bockelmann 2006, Korol+2019, 

Breivik+2020)

LISA: A millihertz gravitational wave observatory
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Figure 9. The characteristic gravitational wave strain of the sources described in this work (shown as red diamonds–note that
the three mass-transferring sources for which we do not yet have parameter estimates have been omitted), compared with the
sample of DWD binaries from the ELM survey (shown as grey diamonds), overplotted with the 4 yr LISA sensitivity curve (solid
black line). An inset compares the sample presented in this paper (which exclusively investigated systems with orbital periods
under an hour), with the full sample of systems discovered by the ELM survey (Brown et al. 2020b). The inset also presents
the evolution of ZTF J1539+5027 with the dashed black line, illustrating what its characteristic strain would have been in the
past at longer orbital periods. Overall, the ZTF sample contains two high SNR gravitational wave sources (ZTF J1539+5027
and ZTF J0538+1953, with 4-year SNRs of approximately 96). See Table 6 for further details. The 4 yr LISA sensitivity curve
was computed as described in Robson et al. (2019).
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Growing catalog of LISA verification binaries
Zwicky Transient Facility (ZTF) survey (~20 sources)   
(Burdge+2019a,2019b, 2020, Coughlin+2020, van Roestel+2022)

Extremely Low Mass (ELM) white dwarf survey (~100 sources)
(Brown+2010, 2012, 2013, 2020, Kilic+2011, 2012, 2014, Gianninas+2015)

(from
 B

urdge+2020)
Session on non-
terminal sources: 
S. Scaringi, K. 
Burdge, R. Martinez-
Galarza



Outcomes of White Dwarf Mass Transfer
!f = !fGR + !fmass

transfer
+ !ftides

Lower-mass white dwarf fills Roche lobe

Gravitational 
waves (LISA)

(e.g., Amaro-Seoane+2020)

Optical
(e.g., Burdge+2020)

Inspiral

Stable mass transfer? Merger?



Stable mass transfer:
• Long-lived accreting binaries— 

AM CVn?

(e.g., Smak 1967, Paczyński 1967, Nather+1981, Tutukov 
& Yungleson 1996, Nelemans+2001, Marsh+2004, 
Gokhale+2007, Dan+2012, Kremer+2015)
• “Outspiralling” LISA sources?
(e.g., Kremer+2017, Breivik+2018, Tauris+2018)
• Caveat? — All binaries may 

merge due to nova outbursts 
(e.g., Shen 2015)

Unstable mass transfer:
• Mergers 

Outcomes of White Dwarf Mass Transfer
!f = !fGR + !fmass

transfer
+ !ftides

Dynamica
lly unsta

ble m
ass 

tra
nsfe

r (m
erg

ers
)

Disk accretion
(AM CVn?)

Direct im
pact accretion

Maybe stable?

q > 2/3

q =
 1

Unstable?

(adapted from Marsh+2004)
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Binary Inspiral

t ~ Myr

Dynamical
(tidal disruption)
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t ~ 104 yr

Final Remnant

Phases of Massive White Dwarf Mergers

For                                 , 
temperatures may be hot enough to 

promptly ignite Carbon 
        super-Chandra Type Ia? 

(e.g., SNLS-03D3bb; Howell+2006)

q ∼1 and M tot > 2.1M⊙

Mass ratio determines disruption dynamics
General outcome: Lower-mass 

WD is tidally disrupted and forms 
quasi-Keplerian disk around 

massive WD

Hydrodynamic simulations: e.g., Benz+1990, Rasio & Shapiro 1995, Guerrero+2004, 
Yoon+2007, Lorén-Aguilar+2009, Pakmor+2010, Dan+2011, García-Berro+2012, Dan+2014

Prelude to a double degenerate merger 13
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Fig. 14.— Densities and temperatures of the final remnant resulting from the merger of 0.2 + 0.8 M� binary (P1): xy-plane (left) and
xz-plane (right). Color-coded is the temperature (in units of 108 K), the overlaid white contours refer to log ⇢ (⇢ in g cm�3 ). The contours
in the left panel show densities ranging from log10 ⇢ = 4 (innermost contour) to log10 ⇢ = 2 (outermost contour) in steps of 0.5, while the
contours in the right panel range from log10 ⇢ = 4.1 to log10 ⇢ = 2.9 in steps of 0.3.
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Fig. 15.— Evolution of the dynamically unstable system of two CO white dwarfs with 0.6+ 0.9 M�. The panels show three-dimensional
renderings of the density at 16, 27 and 30 times the initial orbital period.
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Fig. 16.— Orbital separation (in 109 cm; left) and mass transfer rate (in units of the Eddington value: right) for the unstable 0.6 + 0.9
M� system, P5 in Table 1.

M� binary system, the donor star is observed to remain close to synchronization during the entire duration of the
mass transfer phase.
The thermodynamical properties of the remnant core are displayed in Figure 20. The peak temperatures now reach

about 5⇥ 108 K at densities of about 106 g cm�3. Under these conditions, carbon burning is observed to occur, but

The structure and fate of WD merger remnants 5
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Figure 3. Column density snapshots taken after a timescale of three initial periods after the merger moment. This corresponds to the
moment at which we analyze all merger remnants presented in Table A1 in the Appendix. The 10 snapshots shown here are representative
of all white dwarf chemical composition and mass combinations. The horizontal dashed line divides the CO- and He-mass-transferring
systems and the diagonal dashed line shows where the masses of the binary’s components are equal, ie. the mass ratio q = Mdon/Macc = 1.
During the merger, because the matter coming from the former donor has a high angular momentum and cannot be accreted directly
by the accretor, a disk and a tidal tail will form. For the systems with a lower mass ratio q the matter has a larger specific angular
momentum causing the disk to spread over a larger distance and a more extended tail.

mate initial conditions, neglecting the tidal deformation of
the two stars, see Section 2.
The right panel of Figure 5 shows the enclosed mass as a
function of the radius from the center of the accretor with
1.2M� and donor masses ranging from 0.3 to 1.0 M� three
initial orbital periods after the merger. The solid black line
shows the result from the beginning of mass transfer, at
t = 0 s. Comparing the central density of the remnant with
that at the moment when mass transfer sets in, we find that

it changes by as much as 30%. For low mass ratios the core
experiences an expansion as the accretor is heated through
shocks while for higher mass ratios the core is compressed
by the massive outer material.
The hottest region of the remnant is the region between the
central core and the surrounding disk. In this region matter
is nearly virialized. Up to about 0.1 M� (decreasing with in-
creasing mass ratio q) has been accreted prior to the actual
merger (Dan et al. 2011). We distinguish between the disk

c� 2013 RAS, MNRAS 000, 1–23

(from Dan+2014)
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Figure 3. Column density snapshots taken after a timescale of three initial periods after the merger moment. This corresponds to the
moment at which we analyze all merger remnants presented in Table A1 in the Appendix. The 10 snapshots shown here are representative
of all white dwarf chemical composition and mass combinations. The horizontal dashed line divides the CO- and He-mass-transferring
systems and the diagonal dashed line shows where the masses of the binary’s components are equal, ie. the mass ratio q = Mdon/Macc = 1.
During the merger, because the matter coming from the former donor has a high angular momentum and cannot be accreted directly
by the accretor, a disk and a tidal tail will form. For the systems with a lower mass ratio q the matter has a larger specific angular
momentum causing the disk to spread over a larger distance and a more extended tail.

mate initial conditions, neglecting the tidal deformation of
the two stars, see Section 2.
The right panel of Figure 5 shows the enclosed mass as a
function of the radius from the center of the accretor with
1.2M� and donor masses ranging from 0.3 to 1.0 M� three
initial orbital periods after the merger. The solid black line
shows the result from the beginning of mass transfer, at
t = 0 s. Comparing the central density of the remnant with
that at the moment when mass transfer sets in, we find that

it changes by as much as 30%. For low mass ratios the core
experiences an expansion as the accretor is heated through
shocks while for higher mass ratios the core is compressed
by the massive outer material.
The hottest region of the remnant is the region between the
central core and the surrounding disk. In this region matter
is nearly virialized. Up to about 0.1 M� (decreasing with in-
creasing mass ratio q) has been accreted prior to the actual
merger (Dan et al. 2011). We distinguish between the disk

c� 2013 RAS, MNRAS 000, 1–23

0.1
Stable disk mass transfer expected
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See also MHD simulations of Schwab+2012

DOUBLE WD MERGERS 5
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where the opacity is κ, and the specific heat at constant
pressure, cP , is due primarily to ions in this mostly de-
generate material. This yields a viscous timescale of

tvisc,TS∼
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where the shear rate in these layers is q = dΩ/d ln rcyl.
As long as α ≪ 1, both the α-viscosity and Tayler-

Spruit dynamo processes yield viscous timescales that
are 104 − 108 s, so that our assumption that the merger
remnant enters into hydrostatic equilibrium prior to its
viscous evolution is well-founded. Furthermore, as we
show in the next section, the viscous timescale is orders
of magnitude shorter than the thermal timescale. Thus,
the viscous evolution occurs with no significant heat loss.
Because the material is optically thick and neutrino cool-
ing is not significant on such short timescales, the heat
generated dynamically during the merger and through
viscous shear heating will remain trapped in the enve-
lope until it can diffuse out on the much longer thermal
timescale.
As angular momentum is transported outwards to

larger radii, the merger remnant evolves towards an equi-
librium state of shear-free solid-body rotation. During
the progression towards this equilibrium, the local spe-
cific heating rate due to shear, ϵvisc = νq2, both in-
creases the specific internal energy, u, and does expan-
sion work by spreading material to larger radii. While
the precise end state of the remnant is a function of
the viscous mechanism and the multi-dimensional time-
dependent evolution, local conservation of energy im-
plies that the originally near-Keplerian material is con-
verted to nearly virial material with total specific en-
ergy u − GMenc/r ≃ (rcylΩ0)

2 /2, where Ω0 is the ini-
tial angular velocity after the dynamical phase of evo-
lution. In effect, during the course of viscous evolution,
the centrifugally-supported material is converted into a
hot envelope surrounding the degenerate core. By the
time significant thermal transport begins, most of the
less massive WD has been converted into a thermally-
supported and extended envelope with negligible rota-
tion.
As an example, we present a one-dimensional α-

viscosity hydrodynamic simulation of the outer 0.6 M⊙

of Dan et al. (2011)’s 0.6 + 0.9 M⊙ merger. Details of
this viscous calculation are presented in the Appendix.
The simulation begins 360 s after the 0.6 M⊙ WD has
been disrupted. We assume the inner 0.9 M⊙ remains
unchanged during the viscous evolution. We evolve the
axisymmetric height-integrated Navier-Stokes equations
under the assumption that the only entropy evolution
term is due to shear heating because of the inefficiency
of radiative cooling. We follow the cylindrical radius,
rcyl, radial and angular velocities, vr and Ω, height-
integrated surface density, Σ =

∫∞

−∞
ρdz, and height-
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Figure 3. Measures of the angular velocity vs. cylindrically en-
closed mass at different times during the 1D viscous simulation.
Solid lines show the angular velocity, and dotted lines show the
ratio of Ω/ΩK at 0, 103, and 104 s after the beginning of the sim-
ulation.

integrated pressure multiplied by a factor of the adia-
batic exponent γ, Π ≡ γ

∫∞

−∞
Pdz, for 200 equal mass

Lagrangian cylindrical shells.
We assume α = 10−2 throughout the material, even

though the physical source of viscosity changes from the
inner regions to the outer. While this could alter the pre-
cise values at the end of the simulation, the qualitative
results will be similar as long as the viscous timescale is
intermediate to the dynamical and thermal timescales.
A γ = 5/3 equation of state is assumed to hold through-
out the disk, which becomes questionable when radiation
pressure becomes important at later times. However,
simulations with smaller values of γ have qualitatively
similar outcomes.
Figure 3 shows the resulting angular velocity vs. the

cylindrically enclosed mass 0, 103, and 104 s after the
beginning of our simulation (solid lines). As expected
from equation (1), the rotational profile evolves towards a
shear-free configuration within a viscous timescale ∼ 104

s. Also plotted are the ratios of Ω/ΩK at these different
times (dotted lines), showing that the material originally
from the tidally disrupted WD evolves from being mostly
rotationally-supported to mostly pressure-supported.
Figure 4 shows the specific angular momentum pro-

file vs. cylindrical radius at the same snapshots in time
as in Figure 3. Markers denote cylindrically enclosed
masses as labeled. It is clear that as angular momen-
tum is transferred outwards, the outer regions ! 1.2 M⊙

evolve by spreading. Figure 5 shows the ratio of Π/Σ
vs. cylindrically enclosed mass at the same snapshots in
time as in Figure 3. This ratio is a proxy for the spe-
cific internal energy at the equator; calculation of the
actual equatorial specific energy requires knowledge of
the remnant’s vertical structure, which is not followed
in the height-integrated approximation. As Figure 5
qualitatively demonstrates, the internal energy between
1.0− 1.3 M⊙ increases significantly as rotational energy
is converted into heat. Because of this thermal pressure
support, material within 1.3 M⊙ does not move inwards

General outcome: Viscous heating in Keplerian disk leads to 
expansion and formation of spherical envelope

from Shen+2012
rdisk ~rTDE ~RWD

t ~year renv ~ 100R⊙

Deviation from Keplerian with time

Menv ~ 0.1−1M⊙
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“Luminous giant” phase: 
Envelope                                               radiates 
away merger energy at Eddington 
luminosity                    for ~10 kyr as                
Carbon flame travels inward

(renv ∼100R⊙ ,T ∼ 4000−5000 K)

(L ~104.5L⊙ )

• O (10) sources expected in Milky 
Way and M31

• If dust obscured, bright infrared 
— sources for JWST? 

• R Coronae Borealis stars?        
(e.g., Webbink 1984, Clayton 2012)

• J005311 — a possible candidate? 
Gvaramadze+2019

8 Schwab, Quataert & Kasen
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Figure 10. Composition of the merger remnant (model M15 with
no mass loss) at key times in its evolution. The x-axis shows the
Lagrangian mass coordinate. For visual clarity we show only the
mass fractions of 12C, 16O, 20Ne, and 28Si. The first panel shows
the initial model, which is a homogeneous carbon-oxygen mix-
ture. The second panel shows the model after the carbon flame
has converted the interior to oxygen-neon; there is a small amount
of residual carbon in the region processed by the flame. The third
panel shows the model at the time of neon ignition; during the
KH contraction phase (Section 4) several carbon-burning episodes
complete the remnant’s conversion to oxygen-neon. The fourth
panel shows the model after the neon-oxygen flame has converted
the core to silicon-group isotopes. The fifth panel shows the model
during silicon burning; the preceding contraction phase has com-
pleted the remnant’s conversion to silicon-group isotopes.

6 OBSERVATIONAL PROPERTIES OF THE
MERGER REMNANT

In this section we describe the observational properties of
super-Chandra WD merger remnants, focusing on the time
between the merger and the final collapse to form a neutron
star. As described in Sections 3 and 5.1, the energy released
by fusion during the carbon and neon-oxygen flames does
not reach the surface. It is instead lost primarily to thermal
neutrino cooling deep in the stellar interior, at su�ciently
high optical depths that the existence of the flame does not
modify the observational properties of the WD merger rem-
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Figure 11. Evolution of model M15 in the HR diagram (model
M16 is similar). Grey lines of constant radius are shown in the
background. The numbered circles each correspond to one of the
times indicated in Fig. 2. The approximate elapsed time between
adjacent circles is indicated. The KH contraction phase (Sec-
tion 4) occurs after time 4, with the Ne flame phase (Section 5.1)
corresponding to the end of the track. The total duration of evo-
lution is ⇡ 25 kyr. As we discuss in Section 6, the presence of a
dusty wind around these objects may modify their appearance.

nant. The latter are instead governed by the heat released
during the merger.

The outer envelope of the remnant responds to the en-
ergy deposited during the merger and begins to radiate away
this energy. Fig. 11 shows the location of model M15 in the
HR diagram during our MESA calculation, over the phase
in which the carbon flame is propagating to the center. The
remnant radiates at the Eddington luminosity for a solar
mass object with an e↵ective temperature ⇡ 4000 � 5000 K
for ⇡ 5 kyr, and then evolves to the blue, spending ⇡ 10 kyr
with Te↵ & 105 K.

The track shown in Fig. 11 for the remnant resembles
that of a star evolving from the AGB to the planetary neb-
ula stage (e.g., Kwok 1993). In some ways, the merger has
formed an object similar to the core of an intermediate mass
star. However, the lack of hydrogen- and helium-burning
shells means that thermal pulses will be absent. Near the
end of the AGB phase, stars are seen to exhibit extreme
(Ṁ & 10�4 M� yr�1) mass loss rates (e.g., van Loon et al.
1999). Winds from these cool, luminous stars are thought to
be launched by a two stage process in which pulsation-driven
shock waves lead to dust formation and then radiation pres-
sure on the dust accelerates the wind (e.g., Höfner 2015).
The pulsations in AGB stars are driven by H and/or He
ionization (Wood 1979; Ostlie & Cox 1986); such pulsations
may not be present in pure carbon-oxygen envelopes. The
structural and compositional di↵erences between extreme
AGB stars and these remnants mean that proximity in the

MNRAS 000, 1–16 (2016)

from Schwab+2016

Off-center Carbon 
flame ignition

Carbon flame 
reaches center



After thermal phase
(noting uncertain envelope wind mass loss)

(from
 Schw

ab 2021)

Neutron star/                                    
(milli)second pulsar/magnetar?
• e.g., King+2001, Levan+2006, Schwab 2021, 

Kremer+2021
• Evidence in globular clusters?

White dwarf remnant
• e.g., Ferrario+1997, 

Külebi+2010, Hollands+2020, 
Caiazzo+2021

Highly magnetic and rapidly rotating remnant?

10

Figure 8. Evolution in the HR diagram of a q = 0.90, Mtot = 1.1M� remnant. Initial model “CO” has the default pure
carbon-oxygen composition. Initial model “CO + He” has the indicated amount of He uniformly distributed in the disk/envelope
material. Solid lines show models without mass loss; dotted lines show models that include mass loss. A small dot appears along
the track each kyr and a large square each 10 kyr. The left panel illustrates that the presence of He and the energy release from
He burning extends the time spent as a giant by ⇠ 10 kyr. The right panel illustrates the limited influence of carbon burning
during the giant phase. (See text for more discussion.)
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Figure 9. Final masses (and remnant type) for a set of
models with varying total mass and mass ratio. The dotted
line marks conservative evolution (final mass equals initial
mass). Since our models stop at Ne ignition, we cannot defi-
nitely say these form NSs, but that outcome seems inevitable
for anything that remains super-Chandrasekhar (i.e., all but
the lowest mass set of grey triangles, which might instead
leave an Si- or Fe-group core WD).

In single stars, the transition from CO WDs to ONe
WDs is marked by the occurrence of o↵-center carbon ig-
nition in the degenerate, neutrino-cooled CO core. The
characteristic core mass for this process to occur was
calculated by Murai et al. (1968), who performed calcu-
lations of contracting CO cores and found a minimum
mass for carbon ignition of 1.06M�. This early esti-
mate matches the maximum mass of ⇡ 1.06 M� found
in modern calculations of single star evolution (e.g., Do-
herty et al. 2015).

The thermal structure of the merger remnants is not
identical to the CO cores in single stars, but is similar,
with an o↵-center temperature peak above a degener-
ate core. Carbon burning is not directly ignited by the
merger in the lower mass merger remnants relevant for
understanding the CO / ONe transition. Rather, the
compressional heating at the base of the cooling enve-
lope leads to carbon ignition. This compression-induced
ignition has long been understood from work treating
the WD-WD merger as the Eddington-limited accretion
of the secondary onto the primary (Nomoto & Iben 1985;
Saio & Nomoto 1985). Within this framework, Kawai
et al. (1987) found ignition in CO WDs to occur at a
mass 1.07 M�. While we argue against the details of
the accretion picture, the compression at the base of a
cooling envelope radiating at the Eddington luminosity
is similar to the compression at the base of the accreted
layer in an object accreting at the Eddington rate (Shen
et al. 2012). Consistent with this understanding, our
models that do not experience carbon ignition are those
that either begin at masses . 1.05 M� or reach these
lower masses through significant mass loss.

Cheng et al. (2019) present evidence from Gaia kine-
matics that a population of massive (& 1 M�) WDs
experiences multi-Gyr cooling delays. The location of
these objects on the Q-branch in the color-magnitude
diagram (CMD) is coincident with the expected location
of crystallization for CO-core WDs (see also Tremblay
et al. 2019). Bauer et al. (2020) argue that this de-
lay is explainable by an enhanced rate of 22Ne sedimen-
tation in strongly liquid material near the liquid-solid

with mass loss !M " 10−5M⊙yr−1

CO/ONe 
white dwarf

Ne ignition
neutron star?



Final outcomes for different merger masses 
(adapted from Shen 2015; see also Dan+2014, Marsh+2004)

M 1 =
 M 2

   NS

NS

C/O WDC/O WD

O/Ne WD

SN Ia

NS
SN Ia?

NS?

NS

Does He shell 
burning lead to 

double detonation 
SN Ia?

Stable disk mass transfer expected

O/Ne W
D



White Dwarf Mergers in Globular Clusters

Motivated by observations of XRBs, pulsars, CVs, white dwarfs in clusters (e.g., Clark 1975, Grindlay+1995, Freire 2012, 
Richer+1995, Harris+1996) and N-body modeling (e.g., Mackey+2008, Breen & Heggie 2013, Morscher+2015, 
Wang+2016, Arca Sedda+2018, Askar+2018, Ye+2019, Kremer+2020) 

Main sequence stars (M ≈ 0.1−150M⊙;  N ≈106 )
Black holes (M ≈ 30M⊙;  N ≈1000)

White dwarfs (M ≈ 0.5−1.4M⊙;  N >104 )

Black holes dynamically heat host cluster 
through binary burning

Typical Globular Cluster:
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Black holes (M ≈ 30M⊙;  N ≈1000)

White dwarfs (M ≈ 0.5−1.4M⊙;  N >104 )

Black holes dynamically heat host cluster 
through binary burning Talk to me later about:

• Binary black hole mergers 
(LIGO sources)

• Stellar tidal disruption events 
(Rubin sources?)

White Dwarf Mergers in Globular Clusters
Typical Globular Cluster:
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In Milky Way ~20% of clusters have 
undergone core collapse

Core-collapsed Globular Cluster:

Black holes dynamically heat host cluster 
through binary burning

• All black holes have been ejected
• Lower mass objects sink to center and 

cluster core collapses
• See Vitrol & Mamon 2021, Vitrol+2022 

for constraints on central WD population 
in NGC 6397
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Core-collapsed Globular Cluster:

Black holes dynamically heat host cluster 
through binary burning

• All black holes have been ejected
• Lower mass objects sink to center and 

cluster core collapses
• See Vitrol & Mamon 2021, Vitrol+2022 

for constraints on central WD population 
in NGC 6397

White Dwarf Mergers in Globular Clusters

nWD ≈10
6pc−3

• Dozens of massive WD binaries
• Roughly 10 WD+WD mergers per Gyr
• O (1) resolvable LISA source per 

cluster

Typical core-collapsed globular cluster:

e.g., Larson+1984, Sigurdsson & Phinney 1995, 
Kremer+2021, Vitrol, Kremer+2022



Merger outcomes from cluster simulations
• ~90% of mergers 

have Mtot  > MCh

Kremer+2021



Merger outcomes from cluster simulations

M 1 =
 M 2

NS

C/O WDC/O WD

O/Ne WD

SN Ia

NS
SN Ia?

NS?

NS

NS
O/Ne W

D

• ~90% of mergers 
have Mtot  > MCh

•  > 60% likely collapse 
to neutron star

Stable disk mass transfer expected

Kremer+2021



Merger outcomes from cluster simulations
• ~90% of mergers 

have Mtot  > MCh
•  > 60% likely collapse 

to neutron star

Type Ia SNe?
- Rate of up to ~50 Gpc-3 yr -1 
in local universe  
(<1% of SN Ia rate)

Observation of young NS 
in old GC would be clear 
evidence for this process

M 1 =
 M 2

NS

C/O WDC/O WD

O/Ne WD

SN Ia

NS
SN Ia?

NS?

NS

NS
O/Ne W

D

Stable disk mass transfer expected

Kremer+2021



• Pulsars spin down over time due to magnetic dipole radiation
• Unless recycled through accretion, pulsars eventually fall below 

“death line” and become undetectable

Detecting neutron stars as pulsars

Dea
th lin

e

In old (>10 Gyr) globular 
clusters, CCSN pulsars 
are now undetectable

Characteristic age of a pulsar:

τ spin ≈
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• Pulsars spin down over time due to magnetic dipole radiation
• Unless recycled through accretion, pulsars eventually fall below 

“death line” and become undetectable

Dea
th lin

e

Born from recent 
white dwarf mergers?

Characteristic age of a pulsar:

Detecting neutron stars as pulsars

Four young pulsars observed in 
Milky Way globular clusters

P (s) B (G) age (yr)

B1718-19 1.004 1.6 x 10-15 1.3 x 1012 9.8 x 106

J1745-20A 0.289 4.0 x 10-16 3.4 x 1011 1.1 x 107

J1820-30B 0.379 3.0 x 10-17 1.1x 1011 2.0 x 108

J1823-3021C 0.406 2.2 x 10-16 3.0 x 1011 2.9 x 107

!P (s s−1)

(e.g., Boyles+2011, Tauris+2013)

τ spin ≈
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Proposed neutron star models:
• FRB powered by magnetic activity/rotation power
• Isolated? (e.g., pulsars, magnetars)
• Interacting? (e.g., accretion from binary 

companion)
• Merging NSs (e.g., similar to short GRBs)

Magnetar models can explain at least some FRBs

Recently… 
FRB detected in Milky Way in association with a magnetar 
with known supernova remnant
(CHIME/FRB Collaboration+2020, Bochenek+2020)

Neutron Stars: Sources of Fast 
Radio Bursts?



A Repeating FRB in a Globular Cluster in M81

Digital Sky Survey RGB image of region near M81 from Bhardwaj+2021

Bhardwaj et al. 2021 —  Initial FRB detection
Kirsten et al. 2021     —  Localization to a cluster 

• 7 bursts over ~100 hr 
on-source time

• Peak fluence ~ 1 Jy ms 
—> peak (radio) 
luminosity ~ 1037 erg/s

• Distance ~ 3.6 Mpc 
(closest extragalactic 
FRB known)

• CCSN magnetar 
cannot explain this 
source!



M81 FRB powered by magnetar from white dwarf merger

M 1 =
 M 2 NS

NS

C/O WDC/O WD

O/Ne W
D

O/Ne WD

SN Ia

SN Ia?
NS?

NS

NS
Active FRB lifetime of ~106 yr is consistent 

with M81 FRB detection for cluster WD 
merger rate of ~10 Gpc-3 yr -1
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Kremer, Piro & Li 2021; see also Lu, Beniamini & Kumar 2022
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Observed time-averaged (isotropic equiv) luminosity:
!E ≈1029 fr

−1  erg s−1

Both plausibly consistent with energetics for radio efficiency, f r << 1

Spin-down timescale:

Magnetic activity timescale:

(from CHIME; Bhardwaj+2021)



M81 FRB powered by magnetar from white dwarf merger

M 1 =
 M 2 NS

NS

C/O WDC/O WD

O/Ne W
D

O/Ne WD

SN Ia

SN Ia?
NS?

NS
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Active FRB lifetime of ~106 yr is consistent 
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merger rate of ~10 Gpc-3 yr -1

τmag ≈106  yr B
3×1014G

⎛
⎝⎜

⎞
⎠⎟

−1.2
L

1km
⎛
⎝⎜

⎞
⎠⎟

1.6

Kremer, Piro & Li 2021; see also Lu, Beniamini & Kumar 2022

τ spin ≈
P

2 !P
∼106  yr P

10 ms
⎛
⎝⎜

⎞
⎠⎟

2
B

1011G
⎛
⎝⎜

⎞
⎠⎟

−2

Observed time-averaged (isotropic equiv) luminosity:
!E ≈1029 fr

−1  erg s−1

Both plausibly consistent with energetics for radio efficiency, f r << 1

Spin-down timescale:

Magnetic activity timescale:

(from CHIME; Bhardwaj+2021)

• Analogous massive WD mergers in 
galactic fields — at similar/higher rate?                  
(e.g., Yungelson & Livio 1998, Fryer+1999, 
Tauris+2013, Kwiatkowski 2015)

• Could M81 FRB-like events be 
common features of old stellar 
populations?

• Stay tuned! (CHIME, FAST, SKA, …)

Future prospects:



Binary inspiral

Roche lobe overflow

AM CVnX-ray/UV/
optical

stable? unstable?

Merger

Gravitational 
waves (LISA)

(e.g., Amaro-Seoane+2020)

Optical
(e.g., Burdge+2020)

detonation?

SN Ia
no detonation?

Viscous disk        
“Luminous giant”

Optical/Infrared
(e.g., Gvaramadze+2019?)

sub-Chandra?
super-Chandra?

Massive (magnetic) 
white dwarf

e.g., optical
(e.g., Caiazzo+2021)

Neutron star
Radio pulsars?

(e.g., Boyles+2011)
Fast radio bursts?

(e.g., Bhardwaj+2021)

(e.g., Maoz+2014)

(e.g., Smak 1967)

White Dwarf 
Binaries as 
Multimessenger 
Sources

Questions?

LISA









1 FRB in M81 implies volumetric density nFRB ~ 5x106 Gpc-3 

Active lifetime required, τ ≈ 5×106 / Rsrc

FRBs in Globular Clusters 3

Table 2. Formation rates for several proposed FRB progenitors in GCs

Event type Total # in models Rate per CC GC Volumetric rate Active lifetime required (⌧)

[yr�1] [Gpc�3yr�1] [⇥(fv⇣)�1]

Super-Chandrasekhar WD+WD mergers 283 6⇥ 10�9 4 106 yr

(estimate including tidal capture) - 7⇥ 10�8 45 105 yr

WD+NS mergers 59 10�9 0.8 6⇥ 106 yr

(estimate including tidal capture) - 10�8 6 8⇥ 105 yr

NS+NS mergers 6 10�10 0.08 6⇥ 107 yr

AIC from binary RLO 21 5⇥ 10�10 0.3 2⇥ 107 yr

WD+MS collisions (MWD > 1.2M�) 1098 2⇥ 10�8 15 3⇥ 105 yr

NS+MS collisions 301 7⇥ 10�9 4 106 yr

Inferred rate for M81 FRB - - ⇡ 5⇥ 106/⌧ -

Note—Rates for a number of events occurring in dense star clusters that may produce objects that could power FRBs. We show the
rate per core-collapsed GC and the inferred volumetric rate in the local universe (assuming a GC number density of 3Mpc�3 and
assuming that 20% of GCs have undergone core collapse, consistent with core-collapsed fraction in the Milky Way). These rates may
be viewed as upper limits, as the exact fraction of these events leading to NS formation is uncertain. In the final column, we show
the active lifetime required in order to reproduce the inferred rate of the M81 burst (scaled by the duty cycle ⇣ and visibility fraction
fv).

source of the M81 FRB can then be inferred as

Rsrc ⇡ 50

 
nFRB

5⇥ 106 Gpc�3

!

⇥
 

⌧

105 yr

!�1 
1

fv⇣

!
Gpc�3 yr�1, (1)

where ⌧ is the lifetime of the FRB source, fv is the vis-
ibility fraction (the chance of seeing a burst from the
source, which is related to the beaming factor, luminos-
ity function, etc.), and ⇣ is the duty cycle (the fraction
of time a source is actively producing bursts similar to
the M81 FRB during its lifetime). Any viable formation
channel for producing the M81 FRB must create FRB
sources at a rate comparable to Rsrc.
In the following subsections, we summarize each of the

FRB progenitor channels that we consider in this work.
As a reference, their rates that we calculate using N-
body simulations are summarized in Table 2. Dividing
the volumetric rate by nFRB, we derive the active FRB
lifetime required for each channel to reproduce the M81
FRB (summarized in the last column of Table 2). This
timescale is an important constraint on the properties
of the NSs produced from any of these channels.

3.1. White Dwarf Mergers

We first discuss the case where a young NS is formed
through a double WD merger. Our theoretical under-
standing of the outcomes of WD mergers has devel-
oped considerably in recent years, but there are still
many uncertainties. For pairs of CO WDs, the merger
may promptly trigger detonation of the more massive
WD, producing a Type Ia SN (e.g., Shen et al. 2018;

Perets et al. 2019). Alternatively, if the merger is non-
destructive, a CO-dominated remnant results (Schwab
2021). This further evolves over a timescale of ⇠ 10 kyr,
first burning to produce a remnant with an ONe com-
position, and then, if this exceeds the Chandrasekhar
mass (depending on the highly uncertain mass-loss rate
during the pu↵ed-up CO giant phase; e.g., Yoon et al.
2007), eventually succumbing to electron capture to col-
lapse to a NS (Nomoto & Iben 1985; Saio & Nomoto
1985; Schwab et al. 2016). This is sometimes referred to
as merger induced collapse (MIC). If one or more of the
merging WDs is ONe composition to begin with (and if
the total merger mass exceeds the Chandrasekhar mass),
then a detonation will be prevented and MIC will almost
certainly occur (e.g., Nomoto & Kondo 1991).
The properties of NSs formed via MIC can be es-

timated from simple arguments. Immediately post
merger, the remnant has significant angular momentum
taken from the compact orbit of ⇠ 1050 erg s. During
the subsequent evolution, there is significant angular
momentum loss from a combination of viscous evolu-
tion, inflation during the burning processes, and mass
shedding, resulting in a remnant angular momentum
of ⇠ 1048 erg s (Shen et al. 2012; Schwab et al. 2012;
Schwab 2021). With the eventual MIC, the resulting
NS would have a spin period of ⇠ 10ms. The magnetic
field strength is more uncertain. The hot, di↵erentially-
rotating merger remnant may generate strong fields, and
Garćıa-Berro et al. (2012) show that a dynamo can eas-
ily produce fields of ⇠ 107 G. Flux conservation during
collapse to a NS would amplify this value by ⇠ 104,
leading to a field of ⇠ 1011 � 1012 G. We note that
this more recent picture for MIC di↵ers from previous
discussions where it is assumed that MIC leads to a mil-
lisecond magnetar (Usov 1992; King et al. 2001; Levan

How to form a young neutron star 
in a cluster?

We constrain FRB source formation rates from large suite of 
globular cluster N-body models; Kremer+2020, 2021

See Kremer, Piro & Li 2021, ApJL (arXiv:2107.03394)

https://ui.adsabs.harvard.edu/link_gateway/2021arXiv210703394K/arxiv:2107.03394


Total burst fluence 6.6 Jy ms (Bhardwaj+2021) over ~100 hr on-source time 
gives time-averaged (isotropic equiv) luminosity:

!E ≈1029 fr
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Spin down powered:
(e.g., Cordes & Wasserman 2016, Connor+2016, Lyutikov+2016) 

(e.g., Popov & Postnov 2010, Lyubarsky 2014, Beloborodov 2017, Wang+2018, Metzger+2017, 2019)

Burst Energetics



Inferring Neutron Star Properties

See Kremer, Piro & Li 2021, ApJL (arXiv:2107.03394)

https://ui.adsabs.harvard.edu/link_gateway/2021arXiv210703394K/arxiv:2107.03394
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Spin-down powered model:
- B-fields of  ~1011 -1012 G
- Spin periods of ~10-100ms
- Consistent with WD merger 
simulations                          
(e.g., Schwab 2016, 2021)
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Inferring Neutron Star Properties

Spin-down powered model:
- B-fields of  ~1011 -1012 G
- Spin periods of ~10-100ms
- Consistent with WD merger 
simulations                          
(e.g., Schwab 2016, 2021)

See Kremer, Piro & Li 2021, ApJL (arXiv:2107.03394)

Magnetically-powered model:
- Requires  B~1014 G and fr >10-4

- Requires lifetime > observed 
lifetimes for Galactic magnetars     

https://ui.adsabs.harvard.edu/link_gateway/2021arXiv210703394K/arxiv:2107.03394


Millisecond pulsars?
- Viable only for efficient radio 
emission and small duty cycle    

Magnetically-powered model:
- Requires  B~1014 G and fr >10-4

- Requires lifetime > observed 
lifetimes for Galactic magnetars     

Inferring Neutron Star Properties

Spin-down powered model:
- B-fields of  ~1011 -1012 G
- Spin periods of ~10-100ms
- Consistent with WD merger 
simulations                          
(e.g., Schwab 2016, 2021)

See Kremer, Piro & Li 2021, ApJL (arXiv:2107.03394)

https://ui.adsabs.harvard.edu/link_gateway/2021arXiv210703394K/arxiv:2107.03394


Key take aways… 
See Kremer, Piro & Li 2021, ApJL (arXiv:2107.03394)

• Core-collapsed globular cluster is most likely host — future observations may 
confirm this

• Young neutron stars are formed at rate of ~50 Gpc-3 yr -1 in clusters local 
universe, likely sufficient to explain M81 FRB

• Magnetically-powered scenario is viable for radio emission efficiency fr >10-4  

and lifetimes longer than empirical lifetimes for Galactic magnetars

•  Also viable are spin-down powered NSs with spin periods ~10ms and B ~1011 
G (consistent with those expected from WD mergers)

• Millisecond pulsars and/or X-ray binaries are viable if duty cycles for FRB 
emission is not too high

• X-ray binary may also be viable (e.g., Katz 2017, Sridhar+2021, Deng+2021)

https://ui.adsabs.harvard.edu/link_gateway/2021arXiv210703394K/arxiv:2107.03394

